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ILTRODUCTION 

I n  t h i s ,  the t h i r d  semiannual report on the investigation of 
non-steady-state operation of f u e l  ce L l s ,  fu r ther  information is 
presented on the improvement i n  the  operating capabi l i ty  of the 
hydrogen-oxygen f u e l  c e l l  result ing from pulsed load operation, 
Moderate improvements of power output (10 t o  15%) have been realized 
with existing equipment and it i s  believed t h a t  g rea t e r  improvement 
can be achieved under heavier pulse loading conditions f o r  which 
equipment has recently been completed b u t  not yet tes ted.  I n  order 
t o  assess f e a s i b i l i t y  of application of t h i s  technique t o  power 
generating systems, the new t e s t  equipment has been developed as a 
three-phase u n i t  capable o f  deriving fundamental and applicational 
data simultaneously. 

Whereas the feasibi l i ty  o f  real iz ing improved performance has 
been demonstrated and can now be studied i n  greater  d e t a i l  with the 
poly-phase interrupter  loading uni t ,  nevertheless it is  now abundantly 
c l ea r  t h a t  f o r  a f u l l e r  understanding o f  t h e  individual electrode 
reactions, it will be necessary simultaneously t o  study simplified 
s ingle  electrodes under corresponding pulsed operation conditions, 
I n  a separate study, it has been demonstrated t h a t  galvanostatic 
techniques can provide valuable information regarding the const i tut ion 
of the ca ta lys t  under specif ic  operating conditions and an extension 
of t h i s  study t o  simulate more closely f u e l  c e l l  operating conditions 
will be undertaken i n  the  near future.  Measurements of  a fundamental 
nature have been conducted on palladium-gold and platinum-palladium 
alloys i n  order t o  establish the fundamental va l id i ty  of interpreta- 
t ions  derived from the galvanostatic technique and t o  provide the 
necessary background f o r  an appraisal of catalyzed f u e l  c e l l  elec- 
trodes. This work is  t o  be submitted f o r  publication t o  the Royal 
Society, London, i n  the  immediate future.  

Whereas the corresponding research by Union Carbide Corporation 
(NASA Contract p3As3-6b60) has demonstrated t h a t  a s ignif icant  improw- 
ment t o  f u e l  c e l l  operation can be achieved by heavy intermittent 
pulsing of a f u e l  c e l l  apparently result ing from ca ta lys t  activation, 
the present investigation suggests t ha t  an additional o r  comparable 
improvement can be realized by continuously interrupting the load on 
the  ce l l .  It cannot, a t  th i s  juncture, be ascertained whether both 
e f f ec t s  would be observed simultaneously. 



PART I 

AN IIWSTIGATIOM OF A PULSE LOADED HYDROGEN-OXYGEN FUEL CELL 

The discharge character is t ics  of a hydrogen-oxygen fue l  c e l l  
have been investigated i n  detail employing the technique of pulse 
loading. 
studied f r o m  the standpoint of duty time of the pulse, frequency of  
the pulse and per cent duty cycle of loading a t  a wide range of  
polarizing current densit ies.  
under llpulse loading1! conditions has not been studied t o  t h i s  time, 
the data demonstrate t ha t  improvements of the power output of the 
fue l  c e l l  up t o  15% can be realized from pulse loading. Optimum 
conditions within the range of the pulse generator are given and 
discussed. 
i za t ion  and in te rna l  resistance of the c e l l  is also discussed. 

Power output of the c e l l  under these conditions has been 

Although individual electrode behavior 

The ef fec t  of the above parameters on concentration polar- 

E X P E ~ N T A L  PROCEDUiiE 

The hydrogen-oxygen fue l  c e l l  studied had a 30;% potassium 
hydroxide electrolyte  held i n  an asbestos matrix. 
(Clevite No. 3 )  was obtained from the  Clevite Corporation and con- 
s i s t ed  of a nickel wire mesh covered with porous sintered nickel. 
The electrode material which was t o  serve as the  hydrogen electrode 
was subjected t o  ultrasonic agi ta t ion i n  a 2$ platinum-% palladium 
chloride solution; t h i s  same solution was then used t o  e lec t ro ly t ica l ly  
co-deposit the  platinum-palladium black as the ca ta ly t ic  agent. A 
s imilar  procedure was enployed f o r  the oqrgen electrode using a 4% 
platinum chloride solution. 
1.76 cn? . Hydrogen and o-xygen pressures employed during operation 
were 3.0 cm Hg, and the temperature of the c e l l  was maintained constant 
a t  Wc.  

Electrode material 

The apparent area of each electrode was 

The external c i r cu i t  consisted of a pulse generator and current 
These s e t  r e s i s to r s  shown i n  the pulse loading c i r cu i t  ( f igure 1). 

were a d j u s t e d t o  give a 
average current,. 
current which was the same as tha t  s e t  i n  the pulse loading c i r cu i t .  
Idhen equilibrium was established under steady loading, the poten t ia l  
was recorded and the c e l l  was  quickly switched t o  pulse loading c i r -  
cu i t .  
duration and frequency was then recorded. 
held constant, the  average potentials a t  different  pulse durations 
and frequencies were also recorded. 
maw average currents t o  give discharge curves f o r  the c e l l  under con- 
d i t ions  of steady and pulsed loading. 

specific pulse duration, frequency, and 
The c e l l  was silbjected t o  a steady loading a t  a 

The average potent ia l  under pulsed loading at t h i s  s e t  pulse 
With the average current 

This procedure was repeated f o r  
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c. 

The potent ia ls  recorded a t  high currents Mere not obtained 
under equilibrium conditions, b u t  r a the r  while the c e l l  w a s  very 
slowly decaying. These points, however, were obtained i n  a time 
in t e rva l  which was  short  enough t o  nake the decay insignif icant .  

The same c e l l  was investigated using 3@ potassium hydroxide 
The performance of t h i s  e lec t ro ly te  without the asbestos matrix. 

c e l l  under steady load was considerably b e t t e r  than the  c e l l  using 
the asbestos matrix, but a comparison of the improvement in performance 
under pulsed loading showed tha t  the  c e l l  with the asbestos matrix 
gave a l a r g e r  power increase a t  po ten t ia l s  below 1 v o l t  than did the  
c e l l  with the l i qu id  electrolyte .  

Because of  physical l imitat ions,  it was d i f f i c u l t  t o  incorporate 
a reference electrode i n  the  fue l  c e l l .  This d i f f i c u l t y  i s  now being 
corrected and data on the  individual f u e l  electrodes will be included 
i n  the next report .  

RESULTS 

Numerous runs were made t o  study the e f f ec t s  of  various parameters 
h o l v e d  in pulse loading on the discharge curves of  a hydrogen-oxygen 
f u e l  c e l l .  
It is emphasized t h a t  these data are typ ica l  of  r e su l t s  obtained and 
are  reproducible. 

A composite data sheet of  these r u n s  is  given i n  Table I. 

A l l  f u e l  c e l l  voltages shown i n  Table I and represented hence- 
for th  i n  graphs are terminal voltages and are considered average 
voltages under pulsed load. 
averages under pulsed load. 

Similarly the current densi t ies  represent 

Duty time represents the length of  t i m e  a load is  across the  
ce l l  f o r  one cycle. The frequency of t he  pulse is  also shown. The 
per  cent duty cycle is: 

Duty time x frequency x 100 = $ duty cycle, 

and gives the per  cent t i m e  which the c e l l  i s  loaded. For instance, 
the  f i rs t  duty time given f o r  pulsing is 20 x loa seconds, and a t  a 
s igna l  frequency of 2000 cycles/second, the per cent duty cycle is 4%. 

An average current density (c.d.) is obtained i n  a usua l  manner 

Under pulsed load, 
Kith a lOC$ duty cycle, i.e., with an external power supply providing 
the polarizing current equal t o  the average c.d. 
however, the polarizing current must be much higher t o  provide the  
same average current density as with lo@ duty cycle since the load 
is on only a small f r ac t ion  of the time. For example, a polarizing 
current density of 1000 ma/h? a t  1% duty c c l e  must be used t o  produce 
an average current density load of 10 ma/c 2 on the c e l l .  Hence, a 
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l imiting fac tor  i n  the experiments, thus far, has been the maximUm 
current which can be pulsed through the c i r cu i t .  
is determined by the maximum allowable voltage of the external power 
supply and the resistance of t h e  pulse loading c i r cu i t .  

This maximum current 

Figure 2 is i l l u s t r a t i v e  o f  the var ia t ion  o f  the  discharge 
curve of the fue l  c e l l  a t  6ooc as a function of current loading a t  
various frequencies. 
Improvement i n  the discharge curve i s  most pronounced a t  the lowest 
frequency (500 cycles/second) and 1% duty cycle as is indicated 
graphically i n  Figure 3. 
increases; t h a t  is, as the  per cent duty cycle increases. 
becomes more apparent as t h e  load on the c e l l  increases up t o  ca 18 
ma/cn? where the c e l l  polarizes rapidly. 
data beyond t h i s  point are  quasi-steady s t a t e  and its value is d i f f i c u l t  
t o  assess, 
the  order of 20 ma/cd. 
polarize rapidly t h a t  the greatest  improvement i n  the c e l l  po ten t ia l  
is realized from pulse loading. 

Duty t ime o f  the pulse is 20 microseconds, 

The improvement decreases as the  frequency 
The e f f ec t  

A s  indicated previously, t he  

The l imiting current density f o r  the  c e l l  appears t o  be of 
It i s  in the region where the c e l l  begins t o  

The l imit ing current density, IL, which is  established i n  the  
f u e l  c e l l  may be due t o  e i ther  gas o r  e lectrolyte  concentration 
polar izat ion a t  either electrode. 
e lectrolyte  i s  held i n  an asbestos matrix which m u l d  most l i k e l y  
impede the transport  of i o n s ,  it w i l l  be assumed t h a t  11, is due t o  an 
electrolyte  concentration effect .  I n  t h a t  two  separate electrochemical 
reactions are occurring within the c e l l  and since iio reference electrode 
was employed, it is not possible t o  determine which reaction is l imited 
by the concentration polarization. For the sake of discussion, however, 
it will be assumed t h a t  the hydrogen electrode is polarized due t o  the 
electrolyte  concentration gradient and t h a t  the oxygen electrode polari-  
zation, due t o  a concentration gradient, is negligible, With equal 
jus t i f ica t ion ,  it could be assumed t h a t  the oxygen electrode is 
polarized due t o  a buildup i n  concentration of peroxide ion a t  the  
o,uygen electrode. The polariaation of the ce l l ,  then, might be a 
r e su l t  of e i the r  one o f  these conditions separately o r  a r e su l t  of 
the simultaneous existence of both. Since, however, mathematical 
treatment of t h i s  l a t t e r  condition is not as well defined, f o r  t he  
sake of sinrplicity, a treatment of concentration polarization a t  the  
hydrogen electrode Will be given. 

Since the 3C$ potassium hydroxide 

Because of the d i f f icu l ty  involved i n  determining which of the 
electrodes is primarily responsible f o r  polarfmation of the c e l l ,  it 
is o b ~ o u s  tha t  a s t u d y  of each individual f u e l  electrode would be 
of great  value. 
a s t u d y  of an electrode which is more reproducible than the f u e l  
electrode; f o r  example, the Ag/Ag* electrode. 
as this, the various factors  affecting polar izat ion could be more 
easily controlled and studied under pulsed loading. 

Perhaps even more information could be gained from 

With an electrode such 
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The electrode reaction occurring a t  the hydrogen electrode i n  
potassium hydroxide electrolyte would be: 

1 /2  Hz + OH- 2 H,O + e- . (1) 

The potent ia l  of the electrode is dependent on the pressure 
of hydrogen a t  the reactioa s i t e  (which is assumed t o  be re la t ive ly  
constant) , and the ac t iv i ty  of the hydroq l  ion. 
of the hydroxyl ion is  depleted i n  the v i c in i ty  of the reaction s i t e s  
a t  the gas-solid-electrolyte interface,  the potent ia l  of the  hydrogen 
electrode w i l l  become more positive according t o  the Nernst equation: 

A s  the  concentration 

where 

A s  a, 

Ea, =. potent ia l  a t  a1 (a1  i s  a c t i v i t y  for  OH' i n  asbestos matrix), 

Ea2 = potent ia l  a t  a, (a, i s  a c t i v i t y  for  OH- a t  electrode surface),  

E" = standard s t a t e  potential .  

approaches zero, Ea9 of the electrode changes very rapidly and 
the current density a t  th; electrode approaches the l imiting current 
density. 
t o  the current density and the  l imit ing current density i s  well known1: 

The equation relating AE o r  electrode concentration polar izat ion 

where IL i s  the l imiting current density and I is the  current density 
a t  the electrode. 

Electrolyte concentration polarization a t  the hydrogen electrode 

Again, these 
as  a function of current density has been calculated and is  i l l u s t r a t e d  
in Figure 2 f o r  both IL = 20 ma/cma and IL = 25' ma/cn?. 
calculated curves assume no other polarizing factors  are operating. 
It can be seen from comparison of the experimental curves and the  
theore t ica l  curve f o r  IL = 20 ma/& tha t  the maximUm gain in poten- 
t i a l  from pulse loading ( a t  500 cycles/second, l% duty time) observed 
at  17.1 ma/cni) cannot be due t o  an electrolyte  concentration e f fec t  
alone, but may be pa r t ly  a t t r ibutable  t o  it; the AE f o r  concentration 
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polarization a t  17.1 ma/cn? is 0.050 vo l t  as compared t o  an experi- 
mental depolarization on pulsing of 0.120 vol t .  
s t a t ed  and as is seen i n  Figures 2 and 3, the amount of depolariza- 
t i o n  appears t o  be dependent on both the frequency of the pulse and 
the per  cent duty cycle. Actually only t h e  per cent duty cycle i s  
important as shown i n  Figures 4 and 5 where the c e l l  voltage under 
load is independent of the  frequency of the  pulse. 
t r a t e s  t h e  dependence o f  c e l l  voltage on duty cycle a t  constant 
frequency. 
dependent only because the  duty cycle is changing. 

A s  previously 

figure 6 illus- 

Discharge curves (Figure 2 )  appear t o  be pulse frequency 

I n  order t o  obtain the same average current density output f o r  
the  f u e l  c e l l  a t  two different duty cycles (1% and 2$ a t  500 cycles/ 
second and lo00 cycles/second, respectively), the lower duty cycle 
pulse must carry a higher polarizing current which is on f o r  a shorter  
period of time and, hence, off  f o r  a longer period of time. 
responsible f o r  the increase i n  c e l l  voltage under pulse loading a t  
t h i s  average current density are d i f f i c u l t  t o  assess i n  the system 
employed. 
responsible , then the follo-wing argnments would apply. 

Factors 

If an electrolyte  concentration e f fec t  is p a r t i a l l y  

The overal l  c e l l  voltage depends on a difference between a 
posit ive poteiitial on the oqygen electrode and a negative poten t ia l  
on the hydrogen electrode. 
the oxygen electrode constant. Hence, the c e l l  voltage var ies  only 
with the potent ia l  of the hydrogen electrode. 
potent ia l  of the hydrogen electrode, the greater the  c e l l  voltage. If 
only electrolyte  concentration polar izat ion is affecting the electrode 
potent ia l ,  then from equations ( 2 )  and (3) it can be seen t h a t  the  
potent ia l  i s  dependent only on the a c t i r i t y  of the hydroxyl ion. 

Here we are considering the potent ia l  of 

The more negative the 

O n  ?OO$ duty time the potent ia l  remains constant f o r  a par t icu lar  
currenL density and corresponds t o  a ce r t a in  activity % of hydroxyl 
ions a t  the reaction s i t e s .  
applied t o  the electrode t o  produce the same average current density, 
the polarizing current i s  considerably higher. 
the  pulse, hydrmyl ions are rapidly used up i n  the v i c in i ty  of the 
react ion s i t e .  The ac t iv i ty  of the hydroxyl ions a t  the end o f  the 
pulse would be considerably lower than % .  
however, a buildup of hydroq l  ions a t  the surface commemes. 
r a t e  of buildup must be high enough t o  produce a high ac t iv i ty  of 
hydrokyl ions a t  the end of the off cycle. The average ac t iv i ty  of  
the hydroq l  ion during the cycle must be higher than the average 
a c t i v i t y  a t  the electrode t o  prodwe a higher voltage f o r  the c e l l .  
For a I$ duty cycle, t h e  load is off 9% of the time. The r a t e  of 
replenishment of hydroxyl ions would have t o  be only a f rac t ion  of  
t he  r a t e  o f  depletion on the load  cycle t o  produce an average a c t i v i t y  
which would be greater than that f o r  lo($ duty  cycle. 

%en a pulse o f  short  d u t y  cycle is 
' 

Therefore, during 

'&en the load is released, 
The 
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Application of mathematical methods of analysis t o  suppork t h i s  
theory are  i n  a first stage and will not be pursued fur ther  i n  t h i s  
report. 
must be assessed i n  an aqueous electrolyte  system and studied on a 
simple, single electrode if the resu l t s  are  going t o  be meaningful 
toward the  applications of methods of analysis,  

However, the  e f fec t  o f  pulsing on concentration polar izat ion 

Concentration polarization does not appear t o  be the en t i r e ty  
of the depoladzing ef fec t  from pulse loading as is  i l l u s t r a t e d  from 
Figure 2 where a comparison of the theoret ical  and experimental curves 
is given. Ohmic and/or activation depolarization must contribute t o  
the increase i n  c e l l  voltage. 
of determining how these are affected by pulsing. 
t i o n  is  primzrily due t o  ohmic reasons, the average in t e rna l  resistance 
of the f i e 1  c e l l  during pulsing must be lower than on steady load. 
Depolarization o f  a f u e l  c e l l  due t o  a lowering of the in t e rna l  res is-  
tance under pulse loading could r e s u l t  i n  considerkble gain i n  power 
f o r  high power output ce l l s .  The e f fec t ,  however, needs t o  be studied 
i n  considerable d e t a i l  t o  be well defined. 

With the present data, there  i s  no way 
If the  depolariza- 

Figure 7 c lear ly  i l l u s t r a t e s  t he  increase i n  power output o f  
the f u e l  c e l l  a t  l,$ duty cycle. 
discharge curves f o r  b0 and 80 microseconds duty times are i l l u s t r a t e d  
i n  Figures 8 and 9 ,  respectively. 
are noted. 
f o r  a 20 microsecond duty time it is  eas i ly  seen t h a t  the ga in  i n  
power output of the f u e l  c e l l  from pulse loading decreases with 
increasing duty time a t  constant frequency. Thus, as s t a t ed  preriously, 
the  advantages from pulse loading increase with decreasing per cent duty 
cycle. 
apparent gain jn power output .  I n  order t o  s t u d y  shorber duty cycles, 
the  pulsing c i r c u i t  mus t  be modified t o  accommodate the higher current 
loading t h a t  i s  necessary. 

The voltage vs current density, and 

Various frequencies of t h e  pulse 
Comparing these figures and Figures 10 and 11 with those 

Longer duty cycles than these were s tud ied  bu t  -&thout aqy 
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PULSE CIRCUIT UEDER COBSTRUCTION 

The pulse loading c i r cu i t  sho-m i n  Figure 1 contains ce r t a in  
l imitat ions,  the most obvious o f  which is the power consumed by the 
2hT2152A power t r ans i s to r  and the 1Nl204 diode under very high currents.  
Large currents are  necesssry t o  study even very small c e l l s  a t  l o w  
percentage duty cycle. For example, t o  draw 100 ma average currerb 
from a c e l l  a t  l$ duty cycle, a current of 10 amps must flow through 
the t r ans i s to r  and diode during the time the  t r ans i s to r  is on; a t  
t h i s  high current the  potential  drop across the  t rans is tor  and diode 
is appreciable. To compensate f o r  t h i s ,  a d.c. power supply of high 
voltage may be employed but the voltage may not be higher than the 
maximum emitter-collector rating on the t r ans i s to r  ( i n  the case of 
the 2N2152A, 45 vol t s ) .  The new pulse loading system now being 
b u i l t  would eliminate much of the problem by replacing the t r ans i s to r  
wi th  a s i l i c o n  controlled r e c t i f i e r ,  the in t e rna l  resistance of 
which is very low. 

The purpose of the new c i r cu i t ,  shown i n  Figure 1 2 ,  is  t o  s t u d y  
actions of multiple fue l  ce l l s  under conditions of heavy load a t  33-1/3% 
duty cycle a t  design frequencies of 400 t o  1000 cps i n  steps of 100 cps. 

Circuit  description: 
potent ia l  t o  the gate of CR1, causing the device t o  conduct and impress 
the d.c. potent ia l  of f u e l  c e l l  #1 across the primary of T1. 
and T3 are step-up transformers i n  a r a t i o  of 1:18, so the r a t e  of  
change f r o m  zero vol t s  t o  average fue l  c e l l  voltage is detected and 
amplified by transformer action. 
and clipped by D5 and D4 t o  produce a voltage across the  load, referefice 
voltage across R7, Z1, and P1, and a charging voltage f o r  phase #2 
across R l ,  a, FR1, RXl, and C2 of the timing c i r cu i t .  
ganged rotary switch, is adjustable t o  give a f i r i n g  range of 400 
t o  lo00 cps -- frequency specifications of the transformers. RX1, 
RX2, and RX3 are  f i r i n g  calibration r e s i s to r s  t o  equate the  break- 
down voltages of Q1, Q2 and &3 f o r  exact timing of the c i r cu i t .  
Idhen breakover voltage is  reached on the emitter as compared t o  a 
common reference voltage on base 1 of Q1, C2 discharges through base 
2 of Q1, developing a negative pulse on the base of a. 
a posit ive pulse on the collector of 
necessary poten t ia l  t o  tu rn  on CR2 and back bias  CR1 through Dl i n to  
a non-conducting s t a t e .  
no longer has charging voltage and will rever t  t o  a mn-conducting 
s t a t e  the ins tan t  CR1 is back biased. When CR2 turns  on, charging 
voltage enters  D6, R2, RS, FR2, RX2, and C3 and the second timing 
c i r c u i t  generates a timed potential  t o  tu rn  on CR3 and t u rn  off  CR2.  
The act ion of CR3 and the th i rd  timing c i r c u i t  is  ident ical ,  and a 
complete three-phase f i r i n g  pat tern i s  developed. 

Momentary contact of SWL applies a posi t ive - - 
T1, T2, 

A t  T1 secondary it is fur ther  r ec t i f i ed  

Switch #3, a 

This switches 
-which i n  turn  supplies the 

When C R l  turns o f f ,  t he  f i rs t  timing c i r c u i t  
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Reference voltage i s  made adjustable i n  the laboratory model 
by P1 t o  a t t a i n  the m a x i m u m  efficiency of the f u e l  c e l l s  under t e s t .  
If the load is  large enough s o  t ha t  the c e l l s  do not recover suffi- 
c ien t ly  during the rest period t o  maintain a voltage across the 
charging c i r cu i t s  greater  than o r  equal t o  the voltage a t  Ply t he  
charging c i r cu i t s  will cease t o  operate. 
fue l  c e l l  decay may be extracted a t  t h i s  load by adjusting potentio- 
meter P I  unt i l  the reference voltage l eve l  is less than t h e  charging 
voltage. 
able t o  supply s ignif icant  outputs. 

Additional information on 

This  resumes c i r c u i t  function u n t i l  the  c e l l s  are no longer 

SW2 cuts a la rge  f i l t e r  capacitor, Cl, out t o  a id  i n  the s t u d y  
of the f u e l  c e l l  decay curves, and in ,  t o  give a smoothing action f o r  
a d.c. load if desired. 

Work has already begun on a possible modification of the c i r c u i t  
discussed above which wi3s enable each of the SCIl's t o  be turned o f f  
at  will W i m e  before the next, one f i r e s .  
c e l l  can be studied at  a percentage duty cycle much lower than 33-1/3$. 

I n  t h i s  way, the fue l  

The obvious advantage of the new c i r c u i t  is tha t ,  disregarding 

Instead of low voltage 
aqy power increase due t o  pulsing, there is an improvement in the form 
i n  which power from the  c e l l s  is delivered. 
d i r ec t  current, a three-phase alternating current i s  available which 
can be transformed o r  rec t i f ied  a t  will. 

PA8T I1 

GALVAXOSTATIC IhJESTIGATIOM OF F'tJEL CELL ELECTRODES 

I I~TRODUCTION 

I n  conjunction with experimerrbs f n  the  anodic behavior of palladium- 
gold a l loy  wires i n  &SO, electrolyte  , e f f o r t s  were made t o  reproduce 
the  r e su l t s  of other investigations on goldb,Sy6 a t  varying polarizing 
current densit ies.  The data obtained lend upport t o  a mechanism 

A k 0 ,  occurs throughout the  formation of a chemisorbed oxygen layer  
on the  go1 
l i teraturet ,FF-the conversion of the oxide layer  t o  A k O ,  is shown 
t o  be tha t  of t he  electrochemical conversion of A k O  t o  A a O ,  , 
occuring a t  1 .24 vol ts .  F'urther, it has been found t h a t  a t  current 
densities of the order of 0.2 ma/cn? o r  lower, the react ion occurring 
a t  t h i s  potent ia l  can be sustained f o r  long periods o f  t i m e  (ca 24 
hours). It is proposed t h a t  some of the  A g o ,  formed electrochemically 
must decompose t o  reform the  reactant and oxygen t o  maintain t h i s  
potential .  The Au/A%O, oxidation is well defined a t  1.36 vol t s  a t  
a range of current densi t ies  (10 pa/cnf' t o  10 ma/cm2 ) . 
of the lower o,rides of gold, A u , O  and AuO, as reported by E l  Wakkad 
and E l  Din, is not detectable u n t i l  very low current densi t ies  are  
reached. 

proposed by Armstrong, Himsworth and Butle J t ha t  t h e  formation of 

face,  According t o  poten t ia l  data reported i n  the 

The formation 



High pur i ty  ( 9 9 . s )  gold wire (0.01 cm diameter) was obtained 
from Engelhard Industr ies .  The wire was cut  i n  lengths which when 
sealed i n  capi l la ry  tubing would allow a 10 cm c o i l  t o  be exposed 
t o  the  electrolyte .  A s e a l  of S i l a s t i c  RTV (Dow Chemical) s i l i c o n  
resin was employed between the tubing and the  gold. Contact wtth 
the  external polarizing c i r c u i t  was made d i r ec t ly  through the  wire. 

An al l -g lass ,  U-type e lec t ro ly t ic  c e l l  was employed with the 
two compartmenbs separated by a fine f d t t e d  disc  t o  prevent mixing. 
The lower part of  t he  compartment which held t h e  gold electrodes was 
connected exbermilly through another f ine  f r i t  t o  a valve through which 
riitrogen could be admitted. 
electrode and the reference electrode was  connected t o  the  compartment 
by a ground glass fi t t ing.  

The upper portion which held the gold 

The e lec t ro ly te  was  high-purity %SO, diluted t o  one normal with 
dis t i l led water. 
e l ec t ro ly t i c  c e l l  under an atmosphere of  high-purity nitrogen before 
each experiment. 
i n t o  the  c e l l ,  the  gold wire was polished with f i l t e r  paper, dipped 
i n  d i lu te  H C 1  f o r  1s minutes and rinsed i n  d i s t i l l e d  water. 

The a c i d  was boiled t o  deoxygenate and cooled i n  the  

Immediately before the  electrode was  introduced 

Plat inized platirum served as the counter electrode. 
reference calomel electrode was cormcted t o  the  gold electrode 
compartment by a K C 1  bridge drawn t o  a f i n e  capi l larg.  
of the  reference electrode was checked per iodical ly  by comparison 
with another saturated calomel electrode. 

The 

The poten t ia l  

The U-tube assembly was immersed i n  a water bath and a temper- 
a ture  of 25 f 0.0pC was maintained f o r  a l l  experiments. 
constant-current generator in the  exbernal c i r c u i t  was used t o  polarize 
the  electrodes and current was read on a 0.5% milliammeter. 
change i n  poten t ia l  of the electrodes was followed with a recording 
Corning sol id-s ta te  e l ec t romte r  having an input impedance of le3 
ohms. Hence, current drawn by t h i s  source was negligible.  A high- 
speed, 10 mi l l ivo l t  recorder on the  electrometer was cal ibrated con- 
tinuously against  the electrometer. Potent ia l  o f  the gold electrode 
against  the  reference calomelwas recorded a t  constant polarizing 
current. A l l  po ten t ia l s  reported i n  the  text are  reported on the 
sca le  of  t he  normal hydrogen electrode. 

A precision, 

The 
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RESULTS 

Charging Curves 
--I 

Anodic charging curves were run on numerous gold wire samples 
a t  a -wide range of current densit ies.  
observed on a l l  the wires; the f i r s t - run  potent ia l  curve on each was 
different  than subsequent curves. 
a r e  typical.  When the electrodes were immersed i n  the e lec t ro ly te  
i n i t i a l l y  the potent ia l  was ca 0.4 vol t .  
a t  current densit ies less than 1 ma/cn?, produced a hydrogen over- 
voltage greater  than 0.13 vo l t  (curves I and 11). 
led  t o  ( a )  a rapid l i nea r  drop i n  potent ia l  with time which has been 
a t t r ibu ted  t o  the charging of the e l e c t r i c a l  double layer,  (b) an 
a r r e s t  beginning a t  1.30 t o  1.36 vo l t s  a f t e r  which two kinds of  
behavior were observed. 
was observed with the potent ia l  becoming re la t ive ly  constant a t  about 
1.25 vol t s  (curves I and 11). Higher current densit ies,  however, 
polarized the electrode direct ly  t o  the oxygen evolution potent ia l  
(curve V) . 
zation t o  hydrogen evolution, were reproducible following e i the r  curve I 
o r  I1 of Figure 2 depending on the  current density. 
Figure 14, an i n i t i a l  l inear ,  po ten t ia l  vs time, double-layer charging 
region preceded two arrests i n  the curve; the l a t t e r  indicating two 
different  electrochemical processes occurring. 
was at ca .t 1.24 vol t s  and the second began a t  ca + 1.35 vol ts .  A t  
lower current densi t ies  (curve I1 o f  Figure a), the poten t ia l  did 
not exceed t h a t  of the first electrochemical reaction. The electro- 
chemical reaction could be sustained a t  t h i s  potent ia l  on gold wires 
f o r  a s  long  as 24 hours. 
cathodic charging curves show a s ingle  a r r e s t  a t  + 1.04 vol t s  
(Figure a, Curve II), a potent ia l  s l i g h t l y  more negative than the 
poten t ia l  of the anodic reaction. 
region, another small a r r e s t  was observed a t  rt0.l vo l t  before hydrogen 
evolution occurred. Hydrogen overvoltages here were lower than on the 
first runs. 

One important phenomenon was 

Curves I, 11, and I11 of  Figure 13 

Cathodic polarization, even 

Reversal of current 

A t  l o w  current densi t ies ,  a drop i n  potent ia l  

Subsequent anodic charging curves, after cathodic polari-  

I n  curve I of 

The first arrest 

KO longer runs were made. Subsequent 

After a l i nea r  double-layer charging 

Figure a, curve IC, shows the cathodic charging curve following 
anodic polarization t o  oxygen evolution. 
is interrupted by two arrests ;  one a t  a potent ia l  of 1.16 vo l t s  and a 
second a t  1.Ob volts. The l a t t e r  corresponds t o  the poten t ia l  of the  
a r r e s t  i n  the cathodic portion of  curve I I c  (Figure a). 
dis tor t ion  of the l i nea r  double layer  charging l i n e  i s  seen a t  +0.1 
vo l t  before hydrogen evolution occurs. 

A l i n e a r  drop i n  potent ia l  

Again a 

Decay Curves 

A typical  decay curve, from the oxygen evolution potent ia l ,  is 
shown i n  Figure 15. 
a r re s t s  occur a t  ca  1.36 vol ts ,  1.2L vol t s ,  and 0.36 vol t .  

Following an i n i t i a l  f a s t  drop i n  potent ia l ,  
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DISCUSSICX 

Anodic charging curves show t h a t  no hydrogen ionization s tep 
is  observed on the gold electrodes i n  a 1B Fy2S04 e l e c t r o l o e ,  a 
phenomenon hich i s  d i s t inc t ly  different  f r o m  t h a t  on p l  t'num and 
palladium 2 ,Y but has been found by other investigators " ' . The 
lack of a hydrogen ionization step on go ld  indicates  t h a t  an undetect- 
able amount o f  hydrogen is  sorbed when hydrogen is  evolved during the 
prerious cathodic polarization process. 
found w i t  
up t o  O°C . 
found t o  generate a po ten t ia l  o f  0 vol?, which presumably would r e su l t  
f r o m  hydrogen chemisorption. However, decay curves f o r  gold electrodes 
e lec t ro ly t ica l ly  charged with hydrogen indicate very l i t t l e  ionizable 
hydrogen on the gold surface. 

9 6  

Similar resu l t s  have been 
gaseous hydrogen on gold, since no chemisorption is detectable 8 Gold electrodes, charged t h  gaseous hydrogen, have been 

Calculation of  the capacitance of the e l e c t r i c a l  double layer  
from the l i nea r  portion of the anodic charging curves gave values 
which ranged betxeen 125 and 300 microfarads. 
tance appeared t o  increase with current density, the e f fec t  does not 
appear t o  be well defined. 
an average value. 

Although the capaci- 

A value of 200 microfarads i s  taken as 

Since the apparent area of a l l  the  electrodes used i n  t h i s  
investigation was 0.8 cm2, the double-layer capacitance per apparenb 
square centimeter would be 250 microfarads. 
microfarads per actual square centineter o f  area is accurate6, then 
the area of the gold electrode is 2.5 square centimeters. 
of gold atoms i n  the surface tben is  about 3 x id5 as calculated from 
the l a t t i c e  parameter of 4.07 k on an edge o f  the face centered cube 
with the (001) c rys ta l  plane exposed. The r a t i o  o f  actual t o  apparent 
area, on t h ' s  basis,  i s  3:1, a value close t o  the  value of  2 : l  taken 

If the  value o f  100 

The number 

by Hickling .t f o r  shiny gold. 

The first run anodic charging curves on the go ld  electrodes 
i n  Figure 14 icere obtained i n  f reshly deoxygenated electrolyte  main- 
tained continuously und-er nitrogen. 
been previously polarized t o  oxygen evolution; hence it is  t o  be 
assumed t h a t  l i t t l e  oxygen is  present in the electrolyte .  
run curves e-xhibited two types of behavior, depending on the current 
density employed f o r  the oxidation. 
s ingle  a r r e s t  was observed i n  the charging curve beginning a t  g rea te r  
than 1.30 vol t s  wi th .a  temporary plateau reached a t  1.36 vol ts ;  the 
poten t ia l  then increased t o  a steady value vhere oqygen evolution 
occurred. On electrodes -where the i n i t i a l  anodic run was made a t  
low current densit ies,  the potent ia l  a r r e s t  began a t  greater than 
1.30 vo l t s  as previously, reached a momentary plateau a t  1.36 volts;  
then the potent ia l  dropped t o  a value of ca 1.24 vo l t s  and renained 
constant. The first electrochemi a eaction occurring a t  ca  1.36 

Further, the electrode had not 

The first- 

A t  high current densit ies,  a 

vo l t s  has previously been defined € 3 g  3 3 t o  be the conversion of Au t o  
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A k O ,  . 
i n  &SO4 has not been reported. However, a reaction beginning a t  
1.24 vol  s on gold has been found by Schmid and O'Brien i n  HC10, 

sorbed layer  of  oxygen t o  Au,O, and occurred as  the potent ia l  gradually 
increases from t h i s  value. 

The reaction occurring t o  support a potent ia l  of  1.24 vo l t s  

solution 8 . This reaction was at t r ibuted t o  the oxidation of  a chemi- 

Hickling' s results4 a t  high current densi t ies  indicate only 
one anodic a r r e s t  a t  1.36 vol ts  before oyygen evolution. 
the electrochemical onversion of gold t o  Au,03 was observed. A r m s t r o n g ,  
Himsworth and B u t l e  3 reported an i n i t i a l  dis tor t ion of the l inear ,  
double-layer charging curve a t  1.27 vo l t s  with the  temporary plateau 
reached a t  1.36 vo l t s  before a gradual r i s e  i n  the potent ia l  t o  oxygen 
evolution. 
i n i t i a l l y  on the surface which led t o  the formation o f  the Au,03. 

Hence, only 

They proposed tha t  a layer  of oxygen atoms were formed 

Two mechanisms were proposed t o  e,xplain the depolarization 
processes, one o f  which was the following: 

Au Au 0 

Au Au 0 

Au Au 0 Au Au 

Au Au 0 Au Au 0 

A monolayer of oxygen was deposited on the  gold surface and by 
rearrangement of the first two surface layers of gold atoms during 
the electrochemical reaction formed Au,  O3 (1.36 vol t s ) .  The gradual 
increase i n  potent ia l  of the electrode was  a t t r ibu ted  t o  the increase 
i n  current density a t  the  electrode surface as progressively more 
electrochemical s i t e s  were blocked by the Au,O,.  
curves i n  t h i s  investigation appear t o  lend s pport t o  the mechanism 

Schmid and OtBrien. 
anodic electrochemical process i s  operating a t  a potent ia l  of ca 1.24 
vol t s  a t  low current densities. 
be constant f o r  periods of  oxidation up t o  24 hours. 
of the electrochemical reaction i s  assumed t o  be Au,O, ,  then e i the r  
the Au,O, is decomposing t o  reform t.he reactant and some other  species 
o r  passing in to  solution as  Au (111) ions, o r  both. 

6 

Resul t s  of anodic 

postulated by Armstrong, Himsworth and Butle 3 and the r e su l t s  of 
However, present resu l t s  show tha t  a sustained 

This po ten t ia l  has been observed t o  
If the  product 

E l  Wakkad and E l  Din have measured the equilibrium potent ia ls  
of various gold couples i n  0.11; €&SO4. 
Eernst equation, they would be f o r  a lX €&SO4 solution: 

Assuming the couples obey the 
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Couple 

Au/Au, 0 

iiU/AUO 

-4u/Au, 03 

Equilibrium potent ia ls  

0.42 

1.04 

1.36 v. 

The results of t h e i r  investigations of the gold surface by methods of 
anodic charging curves a t  very low current densi t ies  show tha t  these 
three oxides are formed at  the surface. 

Ehploying the measured values of the equilibrium potent ia ls ,  
the standard s t a t e  value of the Av,O/Au,O, couple i n  Di su l fur ic  
ac id  xas calculated t o  be about 1.23 vol t s .  
t o  t h a t  observed i n  t h i s  investigation f o r  the electrochemical reaction 
a t  1.24 vol ts .  I n  the f i r s t - run  potent ia l  curves t h i s  reaction did 
not occur u n t i l  some A%03 was formed a t  1.36 vo l t s  a f t e r  which the 
potent ia l  dropped t o  1.24 vol ts  and remained constant a t  low current 
densit ies.  
appears t o  be established through A a O ,  , possibly by decomposition. 
A t  higher current densi t ies ,  the drop i n  potent ia l  is not observed 
but ra ther  the electrode is  polarized d i r ec t ly  t o  oxygen evolution. 
Since a l l  anodic charging curves subsequently show a reaction occurring 
a t  ca 1.24 vol t s ,  it would appear t h a t  the reaction is  limited e i the r  
by o,xygen i n  the solution, produced by evolution o r  by the decomposition 
of A u , 0 3 .  The l a t t e r  reaction could occur by the  following mechanism: 

The potent ia l  i s  s imilar  

The electrochemical reaction occurring a t  1.2b vol t s ,  then, 

(1) Au,O, + A u , O  + 0, 

followed by electrochemical reaction: 

Thus, the potent ia l  a t  1.21: volts could be sustained. 

An a l te rna te  mechanism which could be operating is  t h a t  the 
Au,O, is  dissolving i n  the electrolyte as it i s  produced. 
evidence has been found which would substantiate t h i s  theory. After 
oxidation a t  low current densit ies (1.2k vo l t s )  f o r  t ines  greater  than 
four hours, colorimetric analysis f o r  gold i n  the electrolyte  showed 
posit ive resu l t s  upon reduction of the  solut ion with H a C C I , .  
unlikely, however, t h a t  t h i s  is the  en t i r e ty  o f  the reaction occurring. 
I n  order t o  support proposed Av,O/Au,O, reaction a t  1.2b vol t s  on the  
f i r s t - run  potent ia l  curve , presurnably Au,  0, was produced by the 
Au/A%O, o-ridation a t  1.36 volts. 
and under nitrogen, A k O  ( th i s  species could be a chemisorbed layer  
of oxygen on the gold surface) must form through a mechanism such as  
is  given i n  (I). If t h i s  i s  the case, the  overall reaction occurring 
a t  1.24 vo l t s  would be the production of  oxygen th-rough the following 
mechanism: 

Analytical 

It is 

Since the  solut ion was deoxygenated 
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Reaction 
1_- 

Measured Potent ia l  

- 

Additional evidence f o r  t h i s  reaction is  the formation of very small 
bubbles on the surface o f  the gold electrode during the long oxidation 
process a t  1 .24 vol ts .  

Cathodic curves following anodic polar izat ion t o  oxygen evaluation 

According t o  the anodic reactions proposed, the potent ia ls  
(Figure u) show two electrochemical reductions occurring a t  1.20 and 
1.05 volts .  
would correspond t o  the  reductions of Au,03/Au and a t  Au,O,/Au,O, 
respectively. 
var ies  somewhat with the time of previous anodic polarization. 
a maximum value of 600 uc f o r  each reaction was observed. 
of gold atoms involved i n  the Av,03/Au reaction would be about 1.2 x 1p6 
and i n  the Au,O, Ah0 reaction 1.9 x Id.". 

not par t ic ipate  i n  the reactions, but ra ther  one would eLxpect a patch- 
- i r k  of reaction sites. 

The number of coulombs necessary t o  e f fec t  the reductions 
However, 

The number 

If the actual  surface 
contained 3 x 1 d: gold atoms as calculated, the  en t i r e  surface would 

Distortion of the l i nea r  double-layer charging curve i n  the 
potent ia l  region of ca 0.1 vol t  
Hickling and has been at t r ibuted t o  the reduction of oxygen on the 
surface. 
t i o n  must support t h i s  ~ e w  i n  t h a t  some A g O  i s  present before t h i s  
po ten t ia l  is reached. 
a t  0.4 vo l t  on cathodic charging. 
behavior vas found i n  the present system were when the electrolyte  was 
deliberately saturated with oxygen. 
a long reduction curve began a t  0.4 vol t  and continued with a gradual 
decline i n  poten t ia l  a t  low current densi t ies  (ca  0.2 ma/ct#). 

chemical processes are occurring (figure 15). 
and 0.36 vol t ,  respectively, correspond t o  Au,O,/Au, Au,03/Au,0 and 
Au, O/Au reactions. 

has been found previously by 

Accordix t o  the mechanism outlined above, the investiga- 

KL Wakkad and E l  Din found a d i s t inc t  a r r e s t  
The lone experiments where t h i s  

Under these conditions (Figure 16), 

Cathodic decay curves show c l ea r ly  tha t  three separate electro- 
Arrests a t  1.36, 1.24, 

Within the current density range of t he  investigation, the data 
do not substantiate the charging curve r e su l t s  of E l  ldakkad and E l  Din 
-who found anodic a r res t s  corresponding t o  the reactions Au/Au,O and Au/AuO 

34 



0 
cu 

9 
ri 

lr 

0 

35 

0 



a t  0.27 and 0.98 vo l t ,  respectively 
low curren t  dens i t ies  ( o r  10 pA/cd) , however, a s l i g h t  d i s to r t ion  of  
the  double-layer curve i s  observed i n  the  region of these potent ia ls .  
The rate of the reaction Au/Au,O presumably i s  not su f f i c i en t  t o  support 
the higher current densi t ies ,  but t he  oxygen i n  the  e lec t ro ly te  reacts 
with the  gold surface t o  form A u , O  once t h i s  po ten t ia l  region is passed. 
The A k O  i s  then converted t o  A k O ,  a t  1.24 vol ts .  

i n  0.1 %SO, e lec t ro ly te .  A t  very 

FUTURE PFtOGRAM 

I n  order t o  resolve some o f  t h e  anomalies s o  f a r  observed i n  
t h i s  study, it i s  imperative that  t h e  measurements, which have up t o  
now been performed on a f u e l  c e l l  with a t h in  saturated asbestos 
membrane electrolyte,  be repeated i n  a c e l l  with c i rcu la t ing  electro- 
l y t e  thereby f a c i l i t a t i n g  the  introduction of a reference electrode t o  
determine t h e  extent of polarization phenomena a t  each electrode 
independently . 

Since a l l  of t h e  work t o  date  has been performed on co-catalyzed 
( p l a t  hum-palladium) Clevit  e porous nickel  electrodes , it now becomes 
necessary t o  study t h e  phenomena using a l t e rna te  forms of electrode 
such a s  American Cyanamid teflon-paltinum-palladium black. 
t o  determine whether t h e  primary e f fec t  is  chemical or physical, 
electrodes with d i f fe r ing  porosity should be investigated.  

I n  order 

I n  t h e  or ig ina l  disclosure t o  t h e  Research and Technology 
Division, W-PAFB, Contract AF33( 657)-7564, regarding improvements t o  
f u e l  c e l l  operation, two aspects other than t h e  simple pulsing were 
discussed, one being t h e  application of  a reverse po ten t i a l  during 
t h e  off cycle t o  accelerate  depolarization of t h e  electrode, and t h e  
second t h e  use of what may be described a s  an ul t rasonic  pulse f o r  a 
s imilar  purpose. It i s  clear  from recent work a t  Union Carbide t h a t  
t h e  former could be regarded as possessing considerable p o t e n t i a l i t y  
and might be anticipated as f a c i l i t a t i n g  the  increase i n  duty cycle 
i n  t h e  pulsing process. It would be anticipated t h a t  both of these 
techniques would be applied t o  measurements made under pulsed condi- 
t i o n s  with a varying duty cycle. 
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